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Background Color Doppler flow mapping is widely used as a marker of severity of valvular regurgitation, and the transesophageal approach has provided high-quality images in patients with poor acoustic windows. However, different instruments produce significantly variable images. Techniques that use jet spatial information to determine the severity of the lesion may need to be derived specifically for the instrument used. Given a lack of standardization of the many commonly used instruments, the goal of this study was to quantify variability between instruments by imaging well-defined jet flow fields created in vitro.
Methods and Results Pulsatile jets were created in vitro using a blood analogue fluid through physiological orifice diameters and imaged from a distal window using six commonly used color Doppler instruments. Transesophageal transducers (5.0 MHz) were used with all instruments studied. D oppler color flow mapping is a modality frequently used in clinical cardiology to visualize the position, direction, and extent of jets and accelerating flows through regurgitant valves. Although color Doppler allows "real-time" visualization of these jets, it provides only a mean value of the Doppler velocity, unlike pulsed and continuous wave modalities, which produce a spectral distribution of velocities. Although not as accurate as the flow information from continuous or pulsed Doppler techniques, these images are a vital supplement in analyzing and comparing information from complicated flow fields such as that in valvular regurgitation.
As discussed in detail previously,1-3 color Doppler provides flow information from multiple sample volumes along a scan line through the use of autocorrelation methods to analyze the differences between the transmitted and received sound waves, thus providing Peak jet areas were planimetered and averaged with systematic variations in Nyquist limit, color filter, and sector angle (which produced variations in frame rate). Changes in instrument settings produced significant variation in jet size for all instruments studied. Comparisons within instruments and among instruments were difficult because of preset and ambiguous setting levels. When comparisons were possible between similar settings, variability was dramatic (eg, 57% variability between instruments with very similar Nyquist limits).
Conclusions A lack of standardized color Doppler instrument settings prohibits translation of jet area techniques from one instrument to another. This should be taken into consideration when using different 
Methods
Six different color Doppler machines were used for this study-the Vingmed 750, the Aloka 870, the Acuson 128, the Hewlett Packard 1000, the Advanced Technology Laboratories Ultramark 9, and the Toshiba 160A. Each machine was used to image pulsatile flow jets of a water/glycerine solution through a 5-mm circular orifice. The solution was 40% glycerine by weight. Sand particles (2 to 3 gm mean diameter; 2% by weight) were used as acoustic scatterers, and ultrasound coupling gel was used for improved acoustic coupling.
The pulsatile flow system is shown in Fig 1. It is an air-regulated system that includes a valve section, a left ventricular bulb, and various compliance chambers to provide physiological flow and pressure waveforms. The flow is pushed forward to the Plexiglas tank and through the orifice when the left ventricular bulb is compressed. In the diastolic part of the cycle, the bulb is filled with liquid from proximal portions of the system, although the liquid is prevented from being drawn from distal regions by an "aortic" valve. Flow is prevented from moving in reverse during systole by a "mitral" valve proximal to the flow. Volumetric flow and pressure were monitored by a Validyne pressure transducer and a Nihon Kohden electromagnetic flowmeter, respectively. A more detailed description of the flow system has been described previously.10 A 5.0-MHz transesophageal transducer was interfaced to the Plexiglas chamber, as shown in Fig 1, in such a 
Results
The general trend was that the reduction of Nyquist limit resulted in an increase in color Doppler flow area (Table 1 and Fig 3) . However, for almost identical values of Nyquist limit, different machines showed a great variation (as much as 57%) in color Doppler flow area. Some machines consistently showed a smaller color Doppler flow area value for the same Nyquist limit; however, it was not possible to obtain a statistically consistent relation between color Doppler flow areas from different machines. There was no significant difference in the measurement of color Doppler flow areas between the two independent observers. The correlation coefficient was excellent (r=.93).
A study between low and high color filter settings could be compatible only between the Toshiba 160A and the Aloka 870. For identical values of Nyquist limit of 0.32 m/s, frame rate of 7 Hz, and sector angle of 800 as shown in Table 2 , a change from high filter to low filter showed a significant increase in color flow area (Fig 4) .
The results for each individual machine are summarized below followed by a detailed discussion of intramachine and intermachine variability.
Individual Instrument Study
For the Vingmed 750 instrument, different values of the Nyquist limit were chosen for the peak velocity of fr. Table 5 . Under these conditions, the scan depth remained constant at 10 cm, but the frame rate changed, as shown in the table. In general, the same trends as described above were observed.
For the Hewlett Packard 1000 machine, changes in the Nyquist limit resulted in simultaneous changes in the scan depth (Fig 5) and frame rate. Two image sector angles of 450 and 900 were used, and the color Doppler flow area values recorded are shown in Table 6 . In agreement with our previous results, increasing the Nyquist limit resulted in a decrease in the color Doppler area for both sector angles.
A similar procedure was followed for the Advanced Technology Laboratories Ultramark 9 instrument. The Nyquist limit was varied with simultaneous changes in the frame rate. The corresponding changes in color Doppler area obtained are shown in Table 7 . The color filter settings of the machine were also altered, and the respective recorded color Doppler areas are shown in Table 8 .
Again, as seen before, the Toshiba 160A instrument showed that changes in the Nyquist limit resulted in simultaneous changes in the scan depth and frame rate. Two image sector angles of 450 and 900 were used, and the recorded color Doppler flow area values are shown in Table 9 . In accordance with our previous results, should not affect the size-of a jet, which is determined essentially by the level of the high-pass filter, which determines color appearance and disappearance on the flow map. It seems that changes in Nyquist limit are accompanied by redefinition of the wall filter or at least by an automatic alteration in the magnitude of the gain setting. Some machines allow separate manipulation of the wall filter setting, an increase that should produce a smaller jet. This was found to be the case, for example, for the Toshiba and Aloka instruments (Table 2) , where simple changes in wall filter from high to low produced changes of 78%1/ and 66% in jet area, respectively.
Variations in sector angle produce changes in frame rate as well as line density. With all other instrument settings kept constant, changes in jet area were ohserved with sector size for all instruments studied. These changes, however, were not consistent. With increasing sector angle, both increases and decreases in color jet area were observed, sometimes within a given instrument, depending on the other settings (see Tables  3 through 10) .
Increases in frame rate with other settings held constant tended to produced larger images as the probability of sweeping across the pulsatile jet at peak flow was increased (Table 1i) ).
Intermachine Variability
As indicated in Tables 1 through 10 , comparisons between color Doppler instruments are virtually impos- Tables 6 and 7 (Hewlett Packard 1000 and Ultramark 9 results). As the Nyquist limit is increased, color Doppler flow area was found to decrease. Of note, however, is the fact that frame rate also increased automatically. It has been shown that increases in frame rate tend to increase apparent jet size in pulsatile flow due to a higher probability of sweeping across the jet at peak flow. 16 On the other hand, at lower frame rates, the jets may appear to be larger because of degradation of temporal resolution, resulting in superimposition of frames from two adjacent but different times in the cardiac cycle.'7 However, the increased Nyquist limit and accompanying color filter effect as discussed above dominate the increased frame rate effect for the two situations studied. Granted, the changes in frame rate were small (6 to 15 Hz for Hewlett Packard 1000 and 3.7 to 8.3 Hz for Ultramark 9), but such changes have been shown to be important in previous studies.'6 Therefore, it is impossible to determine the extent to which the Nyquist limit/color filter change actually affects jet size due to the necessary damping of the effect imposed by the increased frame rate. It is thus possible that the observed effects in this study could be much greater had the frame rate been held constant. This fact at least tends to confirm the validity of the results, because the increased frame rates would predispose the jets to become larger. The most obvious instrument setting that affects jet size is gain. Gain was not studied here because it is simply the amplification of the basic signal. Higher gain settings tend to produce larger jet images, and with further increases in gain, noise will ultimately appear outside the jet. In most centers, gain is adjusted to produce maximal jet size just below the level at which noise appears. Gain is generally not annotated on the Doppler screen, and if so, it is usually not in a quantitative manner (in terms of decibels) but rather just given as a numerical value indicating the level within the available range on that instrument. In summary, up to the level of noise, variable gain settings may produce variable changes in the size of the jet, and our only recommendation is to advise a consistent method of setting gain within a clinic until instruments are further standardized.
The results of this study clearly show that jet areas are not reproducible from instrument to instrument when flow is held constant. There are two practical reasons for this result. First, as shown by the tables, it is virtually impossible to obtain identical settings because of the array of automatic changes and choices available for a given instrument. Second, even when settings are reasonably close, such as the Hewlett Packard 1000 0.26-m/s Nyquist limit and the Ultramark 9 0.27-m/s Nyquist limit, a clear difference in color Doppler flow area is noted (18.44 cm2 for the Ultramark 9 compared with 13.6 cm' for the Hewlett Packard 1000). The lower frame rate (6.1 Hz for the Ultramark 9) suggests that it is smaller, but instead a significant difference in the opposite direction was observed.
With the increased attention toward transesophageal echocardiography, all the results presented here were intentionally obtained using a transesophageal probe.
These studies clearly indicate the tremendous variability resulting from instrument setting variation on color Doppler instruments. Because of arbitrarily defined instrument settings, it is difficult to make quantitative comparisons between different instruments since the exact algorithms used to display the basic Doppler data are unavailable to the user. This point is highlighted by the color filter results. In the most basic sense, color filter settings define the jet boundary. Velocities above this high-pass filter (or low-velocity reject) are displayed in color, and those below are not. However, in practice, color filter settings Although new quantitative techniques using the principle of conservation of mass or momentum have shown initial success, it is likely that jet size will continue to be used in the clinical setup, at least as a qualitative marker of the severity of regurgitation. The thresholds defined from our laboratory11 are rigidly applied in some clinics, but in many others, jet size is viewed more qualitatively.15 In either case, the growing number of factors that produce variability in jet size for constant degrees of flow must be kept in mind by the clinical echocardiographer. Therefore, the clinical implications of this study are that the echocardiographer should use a single instrument on a particular patient and that each time a follow-up examination is done, care should be exercised to ensure it is performed under identical equipment settings. Furthermore, the instrument should be validated regularly by an engineer to assess and confirm the proper operation and verification of the electronics of the instrument. Also, the proper operation of the instrument should be verified with a phantom in simple flow experiments under well-controlled conditions. For identical flows and instrument settings, the jet size should not change. Temporal deterioration of the transducer will be manifested with jet size variability.
